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Abstract. I,ow Prc.qucmy (l.l;)  elcchomagnctic  waves with
pcrirsds near the local prolrm gyrofrcqucncy  have been clctc.clc41 ia
inlcrplanc.tary  space by the mag,nctomctcr  onboard lS1lli-3.
‘1’lansvcrscpcak-to-peak amplitudes as large as Afi/1111,-O.4
have bcco noted wilt] comprcssicmal components (AI IN/1111)
typically < 0.1. Generally, the waves have even smaller
all~l>litLl(lcs, orarc~~ot clcteclal~lc withir~thc solarwind  hnlmlcmc.
‘J’hc waves arc clliI>licallyhi t~carly polarid  and arc often, but not
a lways ,  fouocl loprcspagatc  ncar]y along fi,,.  Iloth right- and
left-hand polarintions ia the spacecraft-fraolc have been
dctcclcd. ‘1’hc waves arc obscrvccl cluring all oricntatio])s of the
iutcrldaoclary  magnc~ic fickl, with the l}arkcv spiral oricjllation
l~cillgt llclllostco llllllollcasc. Ilccausc  thcwavcs  atcdctcctcdat
and near the local p]:oton c.yclolroa frequency, the gcncratirm
mechanism must almost ccslainly bc solar wind pickup of fmhly
crcatcd hycfrogcn iot)s. I’ossiblc SOLWCCS  for the hydrogcm arc the
llarlh’s atmosphere, coroaal  mass cjcctioos from the Sun, comcls
aod il~(crstcllar~lclltia)l  atoms. At this tiil~cil is[t(~t obvi[~usw’tlicll
potential source is the comcct one. Statistical tests employing
over onc yc.ar of 1S1!11-3  clata will bc done ia the. near future to
clill~itl:lt(’/col~firl]~ son)c of these possihilitics.

lntrodudion

‘J’hc illlcrl)lzil~ct:lry ll~;igtlctic field at 1 AU is typically quite
fcaturclcs s[Siscocctal.,  1968; Ilavassaaocl al., 1982; ’1 ’ucl al.,
1984; ”l’surutatlict al., 1990]. Itischmclcri?.cdbya rc]ativcly
smooth power law spectrum will] a frc.cp)cocy dcpcmlcncc of
-f-5’3. Although lollgpcrio(l  (l Oll]il] t{)t~ol]rs) Al fvLtlw’avcs
arc. an cvc.r-prcsc.ot fcahwc of the solar wind [Colcmaa,  1967;
Ilclchcraadl)avis,  l!J71], ltlccorrcsJx)ll[litlg sI>cctia clc)1lotllavc
characlcrislic  pc.ak ioicnsitics  indicative of any wave generation
by resonant imtabilitics.

‘J’hc purpose of this paper is to dcscs’ihc,  for the. first time,
lllc(lilltll alllJllitLl(lc w’avcs  witllpcriocls  rlc:irttlc  loc:ill~rot(lll gy -
rofrcquc.ncy  dctcctcd  a t  1 All. “I”hc  ltllcr!]aticJllal-Sul~  -liarllI-
llxplorcr-3 (l SIllt-3)  lllilgllctcJlllctcr  (l:ltaw'as uscClill  tllcsllrVcy.
lSlili-3  orbitcdthc  ].] lillraliot~pillt,so]l~c-  240kC  upslrc:im
of the liarlh [];arquharct  al., 1977]. ‘J”hcdctcclion of waves at
thcpsoton  gyrofrcqurncy,  in thcspacccraf[  frame, indica(cs that
these waves arc gcncrdcd  by the pickup c)f hydrogcll  aloms
which have initial velocities small rc]ativc lolhc  spacecraft. “1’his
situation is quilt similar to the pickup of cometary 1120 gloup
ions ad the gcncralion of waves atthc 1120 group ion cyclotron
frequency [’1’suruhmi  and Smith, 1986].
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Approach

1 ligh time rcscdulion (6 vcctmx S-l) 1S1!11-3  magnetic fidd  data
[Ikmdscn  cl al., 1978] were used in a survey to search for 1 nw
IJrcqrrcncy waves at 1 All.  ScvcntcctI ialcrva]s  were sclcctcd
from our study. The sc are listed in “1’able 1. Ikrurtcctl of the
intervals have 6-24 hours duration each, Ilccausc these intervals
arc associated with cncrgctic solar flare particle events, fNc more
onc hour intervals arc includd in the study. ‘1’hcsc latlcr events
rrrc not associatd with cocrgctic parliclc cvmls.

ltrsults

I .l; Wslvcs Wes’c dctcclcci in 1110s1  of the scvclltccll intervals
sclcctd (See ‘1’able 1). “1’hc  waves arc usually of small
ampliludc,  arc sporadic in occurrcocc,  and thcrcforc nlay have
bcc.n nlisscd in previous surveys of 1 A(J irltcrplanctary nlagl]clic
fic]d da(a, An cxamp]c. of waves in onc interval is shown in
liigurc 1. ‘l’his example was sclcctcd bccausc the waves had
unusually large amplitudes and thus were particularly easy to
identify. ‘1’hcsc transverse waves have a peak-k-peak transverse
ranplitudc of - 7 n-l’ it) a - 18 u“]’ ficlct or Afi/l I\l -- 0.3. ‘J”hc
comprcssirsnal ccrmpoaci)t, Al III /1 111, is lCSS tharl 0.05. l’hc wave
pcrird  varies from 4 Lo 6s. ‘1’hc local proton cyclotron pcrid is
3.6s, thus lhc waves have periods slightly lc)wcr than (IJC local
proton gyropcrid  (’l’p). Note that the interplanetary magnetic.
fic]d (GSI; coordinalcs)  conqxmcnts arc llX --11 n’1’ ard fly -
11 n’]’. ‘1’his is a posilivc (orr(wmd) Parkcl spiral field dirccticm.
Ily, - -8 n’1’.

Wc usc the l’rincijpal Axis Analysis mcthocl  (Sonncrup and
(:ahil], 1967)  to idcrltify the dircclion of nlaxit)lunl, intcnncdiatc
and minimum variances, standardly lalwlc.d as ill, f12 and i!j,
rcspcclivcly.  ~ ‘1’hc minimum variance dircctiorl is the wave
propagation (k) dirccticsn for planar clcc[romagnctic  waves
(Sntith and “l”surulani,  1976). “I”hc 1110s1 accurate nlcthod of wave
analysis is to examine onc cycle at a time (’1’surulmi et al., 1993).
Arlaly?.iog sc.vcral or morm cycles at the same titl~c gives an
“average” rcsu]t, at t,cst. Variations in dcgrcc of polari?atiou
(circular to lir~car) and variations in directions of pmpagatiorl
have been noted it) a single wave packcl.  “Averaging over
several cycles” caa also lead to Suhstatllial errors if there arc
charlgcs in the lhfli  dircclion during the interval [’1’surutarli CL al.,
1993], or if the wuvcs arc riorllincar [1’surutani, 1992].  WC }l:{VC.
thcrcforc only analy7.c41 single cycles at a time within lhis papc].

l;i~urc 2 gives the lwclogram for onc cycle. of the wave p:ickct
in l;igurc 1 in Prir]cipal Axis Cocmlinatcs. ‘1’hc  lime interval of
analysis is 0438:08100438:14 (1’1’. ‘1’hc  bcgirming of the inlcrval
is indicalcd by a “D” and the cncl of the ir)tcrval with an “ii”. “Jhc
arnl)icnt magnclic field is out of the paper. ‘1’hc hrsdograrn shows
that there is a uicc 360” cycle to the wave (ar}alyscs of other wave
inlcrvals gave similar rcsrrlts). ‘l”hc WNC is left-haml c]liptically
polari?,cd (k] /k2 = 30.6), propagating at an angle of 59” relative
to the rrrnhicnt rnagnctic fic.ld.

liigurc 3 gives the power spcctrunt of lhc waves fronl 0416-
0439 U’1’ day 158, 1979, the same general iutcrva] of time as in
l;igllrcs 1 and 2. A fic.lcl-aligned coordinate s~stcln is ujcd, ~ilh
i’]], along  the average field direction, 112 in the 0,, x l]]
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dircc~ion  (whc.rc ~),, is the dircdion  of the north ecliptic pole),
and IIT completing th,c right-hand syskm.  “1’hc Imvcr  spccka for
1111 anc_i the lwo transverse cmnponcnls, 112 and 113,  arc plolld. A
broad incrcasc  in wave power can bc noted near f -2 x 10“1 1 IL
the ]oca] I>rotoll cyclotron frcclucncy (dmmlcd hy fp). ‘I”hc power
is - 3-5 n’1”2  ] ]?,-l in lhc transverse cojnponcl~ls and 5 x 1 0-] n’1’2
1 IZ.-l in the comprcssicmal  componcnl. ‘I”hc power in Ihc wave
comprcssimml component is about an order of nlag,nitudc. Iowcr
than in the tmosvcrsc components. ‘1’hose spectra arc unlike whal
is typically scan in the solar win(i.

1+’igurc 4 is an cxanlpic of the waves cictcctcd in an inlcrval
where solar flare. parliclcs  arc not present. ‘1’hc event is frcm
0033-003511’1’ May 8, 1981. ‘J’here. are. six c.yc.tcs of a wave
packcl present bctwccn 0033:30 an(i 0034:20 U’1’.  ‘I”hc wave
pcri(~i is - 8.5s. ‘J’hc waves arc a mixture of right- anti lcf[-han(i
Polari?.alien and propagate at angles hctwccn 3° an{i 19° relative
to the amilicnl magnetic ficki. I’hc waves arc highly cliipticaliy
polnrizmi in cac.h cycle (kl/L2 rmgcs  bctwccn 33 and 40.5). ‘1’hc
local ion proton cyclotron frequency is - 9.9s, so these waves
have frcqucncics sligi]tly higi~cr than the ]ocai Q},.

‘1’ai)lc 2 g,ivcs the ~csults of Principai  Axis Analysis of a
nutnixr  of wave cycles from l:igorcs 1 anti 2 an(i lhrcc other
intervais as WCII.  l~ron] the ‘1’aille., wc fimi thiit  the wave pcjirxis
arc close to ti]c proton cyclotron pcrid an(i they arc oflcn, hul
not always, foun(i  10 propagate nearly along ~1{,. ‘J”hc waves arc
typica]iy highiy clliplicaily  to lincar]y polariz.cci A mixture of
rigill-hmxi and ]cft-hand polari~.ations have i)ccn (iclcdcd,  Whc.n
a sense of rotation can bc foun(i,  the typical sense is lc.ft-han(ic(i
in tile spacecraft frame.

Six(ccn shorl 4-minute in(crvals where waves were prc.sent
wcw SC] CC(CCI al rand:)nl. ];igurc 5 displays the GS1 Lllx and -D y

con~poncnts c)f tile average ficki for ti)csc. intervals. Most of the
intcrwrls lic aiong tile l)arkcr spirai (iircction (tilis is ti)c m o s t
pmbai)lc ciircction of the ficki, so there is noti)ing unusual shout
this orientation). ‘1’here is no tcn(icncy of the ficki to hc in the
rwiiai ciircction,

IMwssion

Comparison to tiw {Jlysscs Rcsulls

The wsrvcs discuss.c(i  in this paper have many propcrlics  {hat
rirc simiiar  to thrm dctcctcci by lllysscs  at 5 Ali  [Smith et al.,
1993]. ‘1’hc  waves (ic tcctcd at 5 Al J arc bclicvcd to i~c duc to the
i~ick up of intcrstc]]ar  ncutra]s. ‘1’hc waves in this stu(iy have.
nmiium  amplitu(ic (ATt/l13i - 0.4) tl-ansvcrsc ccm~poncnts  (iilc
lllysscs  waves arc s]igh[ly ]argcr), ami have frcclucncics near the
kscai proton cyclotron frcclucncy. IWth the 1 ami 5 AU waves arc
a mixture of lcf[-hall(i ami right-h:in(i polarizations, with lcft-
hand waves more prmlincnl.  ‘Ihc waves (iiscussc~i in this paper
arc elliptically to lincar]y polarim(i. ‘1’hc genera] Polarization of
the 5 All waves was not rcporlcd [Smith CL al., 1993],  bul the onc
example shown was circularly polari?.cci propagating along the
n]a~nctic ficki (t)k[~ = 5“).

‘lhc onc major ciiffcrcncc of the waves at 1 AU is tilat they arc
(ictcctcci {iuring  all ficlci oricntatirsns,  with the I’arkcr spiral
orientation the mosl Iikcly. “I”hc 5 AU waves arc ciclcclcd when
the ficki is radial. In either case, the pickup ions wouki gcncra[c
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right  -hatd waves propagating toward  the Sun through the
rcsmant ion hcam inslid)ility. Ilecausc  the solar wind speed is
larger than the wave phase speed, these waves would tsc
convcclcd in the an(isc)lar dir’cction aod would bc dclcdcd  as lcft-
h a d  po] ru’iz.cd (a t  the  proton cyc]otr’on fr’cqucncy in t h e
spacccmft fmmc).

Posslhlc  Soorws  of the IS1W3 Waves

‘J’hc  dctccticm of dcctromagnctic  waves at the pmtoll  cyclotrm
frcqucucy  at the ISIII1-3  orbit about the l.] Iilwalirrn is a big
surprise ancl also a mystery at this titnc. Allhoug,h  the waves
reported here have similarities to those dctcctccl at 5 All,
io(crstcllar  hydrogen is oot cxpcdcd  to get so CIOSC to the Sun,
‘J’here is on] y a 0.1 probability of pmctration  to a ctistancc of -
1.1 AU from the Smn [l Iolz.cr, 1977]. ‘1’hc dcosily of oculrals
shoLdd bc. coosidcrably below that at 5 AU. Rcccut calculations
[R. IIling and IL. IIildncr,  pcrsoual coll~tl~tlllicatiotl,  1993] have
imlicatcd that suhstalltial neutrals associated with coroaal mass
ejections (CM I;) could cscapc  into intcrplanctnry  space. ‘1’hc
fraclion of atoms thal remain as neutrals dcpcmds ou the velocity
of tllc (:MI i ((he higher the velocity, the higher the fraction), aad
on lhc rrnmmt of self-shielding prcsco(. ‘1’hcsc CMli nc.ulrals
wcmrkl  have high vc]ocitics. Unless there is some mechanism to
S]our Ihcln dov,,o,  waves gcncratc aflcr their irsniy.aiioa w,ou]d hc
strongly IJopplcr  shiftccl away from the proloa  cyclotron
frequency. Auothcr potential source of neutrals is the ]{arth’s
atn!~phcrc.  IIc)lmr cslimakd  a numl)cr dcosity of -1 .S x 10-3
cm - at 0.01 AU, t>llll rcccnl (prclimimry)  Galileo mcmorcmcots
made at lunar dislattccs (- 6O Rc) have iltcrcascd this cslintatd
value subslan(ially [C. llord,  personal cc)lllllllltlicoti(~lt, 1 993].

“lhc diffica]ly with any of these po(c!ltial sources is obtainiag a
suffic icut ion beam dcnsily.  In space plasmas, the ioo hcam
dcmilics  for’ wave gmcrsrtion have been found to hc roughly 0.1
to 1 .0% of the amhicol (solar wind) dcmily.  ‘J’his would require
hcam densities of 5 x 10-3 to 5 x 10”2 ions co]-3. ‘l”his value
tnkcu with the pllot(liol~i?.~ltiol}/ct~argc  cxchangc time sc.alc. of -
106s at 1 ALJ, make the ucutral  oumbcr density scmcwhat
difficult to at~ain by any of the ahovc sources.

Another possibilil.y is generation by instahi]i!ics  assoc. iatcct
with unusua] ion or clc.ctron clistributiom within the solar wind,
l’rotcm hctrm instahilitics  arc possible, hot the waves would hc
gcncratcd near the cyclotron frequency in the rest franlc of the
rcsmant particles, Since the ratio of lhc iou cyclotron wave
phase velocity (- VA) to the. solar wind speed is - 1/7, these
waves woLdd hc IIopplcr shifted to - 7(+, in lhc spacecraft frame.

Kcsonant in(craclions  with relativistic - 1 McV clcctrolis
(these cucrgics arc occcssary for resomncc  with the.sc frcciacncy
waves) propagating from the Sua is a gcncratioa mc<hanism that
can hc easily ruled curl. SoInc of the wave events were dclcclcd
whcll relativistic electrons were clearly ahscnt. Also, bccausc
solar fkm clccbon  cvcmts typically have broad power-law type
vc]ocity distrihutiolls  and arc not mmocucrgctic  iu Ilalurc, it
wouki  bc cxtrcmcly difficult to explain the limilcd frcclucacy
rtingc of the waves. Rcsouaocc  with solar flare protcm beams
woLIlcl gcncratc  right-hand polarized waves propagatil)g it) the
solar wiad direction. ‘J’hcsc waves woLlkl bc dctcclcd as righl-
haodcd in the spacccraf[ frame, at odds with prcscot ohsc.rvatious,
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‘1’hc  broad power-law spectrum cjf solar’ fhu’c protons would again
r’ulc out rclalivcly well-de.finccl peak frcqucucics.

IJhul Comments

]’ickup of cold hyclrogcn ncutr’als in the most likely soul cc of
the waves. ‘1’o tcsl some of the various possibilities, wc will
examine the first ycal of 1S1;11-3 dala to a) dctcrminc if lhcrc is a
vmvc ampliludc and occurrence frequency dcpcudcucc on radial
clistancc fiusl  after the spocccrafl was larrochccl and wrmt fmo the
liarth to 240 Rc upstream), b) dctcrminc  if there is a comlatirm
I) CIWCCI)  wave rrccun  cucc ancl  CMli events ,  rind c) dctcrminc  if
there is an annual variatiou in wave occurrcmc. Study a) will
cstaldish if the l{arth is the soorcc, and b) if CMlis nrc the cause.
Siucc interstellar neutrals enter the hcliosphcrc  from a well -
define.d dim-lion, there is substantial fOCLISSh)g  iu a rcgiou 011 the
backside of the sun ‘1’bus, if the ucutra]s arc flom interstellar
space, there may bc greater wave intensity iu the rcgiou where
the ncrrlr’a]s  arc gr’avi lntirrna]l y focusscd (test c). A preliminary
CU1 of this data set has not rcvcalcd au obvicws answer. l{urlhcr
analyses Will trc ucccssary.
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lil /l iC’l”KOMAGNIl’J’lC  WAVliS l;KliQUI;NIHllS 1’RO’J’ON

lil.li(Y1”l{OMAGNl;  J”lC WAV1iS l;KliQIJIIN(:llN  1’KO’1’ON



Table ]. intervals anal yzc(l for the prescmc  of waves.
‘1’lIc lop twelve intcrwds  corrcspoml m intcrwds  where
solar cncrgctie ions were prcscn[. “J’hc bollom five
intervals arc free of solar flare par{iclcs. ‘1’hc prcscncdkd
of prcscncc  waves arc nolcd  by a Y (yes) or N (no). AII
approximate maxi mum peak-to-peak transverse wave
amplihdc is indicalcd.

“1’al)le 2. 1,1; wave propcrlics. ‘lhc columns correspond to
the date, time (U’1’), wave period, local prolon gyropcriod,
wave propagalicm  direction relative 10 [he ambicnl
magnc[ic  field, I]AA cigcnvaluc ratios, aIId stmsc of
polarization.

1{’i~ure 1. l.l;  waves with periods ocar the local proton

gyrofrc+lmcy.

Nigorc 2. A hodogrum for oac wave cycle of the c.vcnl shows ill

l;igorc 1.

Vigurc  3. l’owcr spe.clrfi of the magnetic. field  for an intcrva]

containing the event io Figure 1. ‘1’hc  local pmlon gyrofrcqucncy

(fI)) is dcuolctl. 112  and 13~ correspond (0 power hansvcrsc  to the

avcmgc field dircctiwa.

Vigorc 4. Same as l~igurc 1, but for a time period v.’hcn solar

flare cncrgclic pmtic]cs arc not present.

Pigorc  5. ‘l”tic IMl: orientation for sixteen wave cvcnls sclcctcd

at random,



T A B L E  I

1 N’1 WRVAI  , I)ATI?

1 SliF’ 23, 1 9 7 8

2 SEP 2 5 ,  1 9 7 8

3 J~JN 06 ,  1 .979

4 J U N  0 7 ,  1 9 7 9

5 AUG 1 . 9 ,  1 9 7 9

6 AUG 20 ,  1979

7 SI?P 14, 3979

8 SEP 17, 1 9 7 9

9 APR 24 ,  1981

10 APR 2 5 ,  1981

11 M A Y  10, 1981

12 MAY 16, 1981

Intervals Preceding

1 N’J’HRVAT , I“)A1 ‘E

1 SEP 2 2 ,  1 9 7 8

2 J U N  0 5 ,  1.979

3 AUG 1 8 ,  1 9 7 9

4 APR 2 3 ,  1981

5 MAY 08, 1981

START
DAY ‘1’lMH

266 0800

268 0600

157 1100

158 0000

231 1400

232 1200

257 0800

260 1100

114 1200

115 1800

130 0000

236 0500

Solar Cosmic

sl’AR~’
I)AY T] Ml?

26S 0000

156 0000

230 0000

113 0000

128 0000

STOP
T’] ME

1900

1300

1700

0600

2 0 0 0

1800

0 2 0 0  ( 2 S 8 )

1900

1832

2 4 0 0

2400

0 5 0 0  (13’/)

WAVES

Y

Y

N?

Y

Y

N?

Y

Y

Y

Y

Y

Y

p. p
AMI)I,ll’UDE

3  nT

3  nl’

1.5 nT’

3.5 n’1’

.

3  n’1’

2  n’1’

4  rlT

1 .5 nl’

2 nT

2 nl’

Ray Events

S1’OP
TIMK

0100

0100

0100

0100

0300

P - P
WAVES AMPI,l’J’UJ)IC

Y 5  nl’

Y 2  ng’

Y 2 nl’

Y 1 nT

Y 2, nrJ ’

‘J’EI1)IC! 1



DATE

-,-,. -n

YI.M I 2$

9/23/78

6/07/79

fy07f79

6/07/79

9/14/79

9/14/79

9/14/79

9/14/79

TIME

.F. . . ..A .

1514:10-51

1314:42-46

417:30-38

437:47-54

438:08-14

1041:37-50

1041:49-59

1141:48-54

1141:43-03

Tw

.-,-.
lV.US

4.0s

4.5s

5.0s

5.0s

7.5s

10.0s

4.5s

6.5s

— ~=— . .—— .—— —
15hJM WAVIN

i2.5s

12.5s

4.05

3 . 6 s

3.6s

12.3s

12.35

12.2s

12.2 s

no
6

24°

4°

42°

59°

68°

8°

5°

6“

<-*
1 (L.L

7.7

5.5

J.4.O

30.6

70.2

7.5

9.8

4.0

4.1

9.1

6.8

5.0

1.8

1.7

43.4

1.9

7.3

Hi. ellip.

Lh. eIlip.

linear

r.h. eIlip.

I.h. ellip.

Iinear

r.h. circ/elIip.

I.h. elIip.

Lh. ellip.

Table 2
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. Day 158, 1979

0416-0439 UT
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15 SPECTRA
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